The Escherichia coli Tat apparatus is a membranebound protein translocase that serves to export folded proteins synthesized with N-terminal twinarginine signal peptides. The essential TatC component of the Tat translocase is an integral membrane protein probably containing six transmembrane helices. Sequence analysis identified conserved TatC amino acid residues, and the role of these side-chains was assessed by single alanine substitution. This approach identified three classes of TatC mutants. Class I mutants included F94A, E103A and D211A, which were completely devoid of Tat-dependent protein export activity and thus represented residues essential for TatC function. Cross-complementation experiments with class I mutants showed that coexpression of D211A with either F94A or E103A regenerated an active Tat apparatus. These data suggest that different class I mutants may be blocked at different steps in protein transport and point to the coexistence of at least two TatC molecules within each Tat translocon. Class II mutations identified residues important, but not essential, for Tat activity, the most severely affected being L99A and Y126A. Class III mutants showed no significant defects in protein export. All but three of the essential and important residues are predicted to cluster around the cytoplasmic N-tail and first cytoplasmic loop regions of the TatC protein. Escherichia coli TatA, TatB and TatC have been shown to be genuine integral inner membrane proteins and are present in the cell at a molar ratio estimated at 40:2:1 respectively (Jack et al., 2001; Sargent et al., 2001) . Despite this large molar excess of TatA over the other Tat components, affinity-purified E. coli TatC protein can be isolated in an approximately equimolar complex with TatA and TatB (Bolhuis et al., 2001) . Interestingly, the molar ratio of the thylakoidal Tat pathway components is slightly different from that reported for the E. coli system. In pea thylakoids, the Tha4:Hcf106:TatC molar ratio (essentially TatA:TatB:TatC) was reported as 8:5:1 . Some significant similarity is shared with the E. coli system, however, as Hcf106 and TatC (TatB and TatC) have also been shown to form a stable complex in the plant system .
Introduction
In Escherichia coli, proteins are transported across the cytoplasmic (inner) membrane by one of two distinct pathways. The predominant route of protein transport across the cytoplasmic membrane is via the Sec pathway (Pugsley, 1993; Manting and Driessen, 2000) . However, a subset of periplasmic proteins, including many that bind redox-active cofactors, is translocated by a distinct Secindependent mechanism. Such proteins are synthesized with N-terminal signal sequences containing a consensus S-R-R-x-F-L-K 'twin-arginine' sequence motif (Berks, 1996) . Twin-arginine signal peptides target precursor proteins to the recently discovered Tat (twin arginine translocation) protein export system that is mechanistically and structurally related to the DpH-dependent (also termed Tat) protein import pathway of chloroplast thylakoid membranes (Keegstra and Cline, 1999) . Remarkably, both bacterial and plant Tat systems have been shown to transport fully folded proteins using energy provided by the transmembrane electrochemical gradient (Clark and Theg, 1997; Yahr and Wickner, 2001) .
The genetics of the bacterial Tat system are reasonably well defined. In E. coli, the tatA, tatB, tatC and tatE genes have been shown to encode components of the Tat pathway Sargent et al., 1998; Weiner et al., 1998) . The tatA, tatB and tatE gene products are sequence-related proteins that are each predicted to comprise a transmembrane N-terminal a-helix followed by an amphipathic a-helix at the cytoplasmic side of the membrane . Genetic experiments have shown TatA and TatE to have overlapping functions on the Tat pathway, whereas TatB is an essential Tat component with a distinct role in protein export Weiner et al., 1998) . The tatC gene product is also an essential component of the Tat system and is predicted to be a polytopic membrane protein with six transmembrane helices .
Recently, the biochemistry of the E. coli Tat system has begun to be addressed. Co-immunoprecipitation of the TatA and TatB proteins has been demonstrated from detergent-solublized E. coli membranes, pointing to a physiological interaction between these components of the Tat pathway (Bolhuis et al., 2000) . Indeed, a large TatAB complex was subsequently isolated from E. coli membranes, and a low-resolution structure visualized by negative stain electron microscopy ).
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Escherichia coli TatA, TatB and TatC have been shown to be genuine integral inner membrane proteins and are present in the cell at a molar ratio estimated at 40:2:1 respectively (Jack et al., 2001; Sargent et al., 2001) . Despite this large molar excess of TatA over the other Tat components, affinity-purified E. coli TatC protein can be isolated in an approximately equimolar complex with TatA and TatB (Bolhuis et al., 2001) . Interestingly, the molar ratio of the thylakoidal Tat pathway components is slightly different from that reported for the E. coli system. In pea thylakoids, the Tha4:Hcf106:TatC molar ratio (essentially TatA:TatB:TatC) was reported as 8:5:1 . Some significant similarity is shared with the E. coli system, however, as Hcf106 and TatC (TatB and TatC) have also been shown to form a stable complex in the plant system .
In this study, we have sought to define in more detail the structure and function of the essential TatC protein of the bacterial Tat system. TatC family proteins are the most highly conserved of all known Tat components, and homologues are encoded by the genomes of all bacteria that synthesize proteins with twin-arginine signal peptides, some plant nuclear and mitochondrial genomes and the chloroplast genomes of algae . Using a genetic approach consisting of site-directed mutagenesis followed by in vivo transcomplementation analysis, we identified conserved residues essential for TatC biological function.
Results and discussion

Site-directed mutagenesis of conserved TatC residues
The E. coli tatC gene encodes a 28.9 kDa polypeptide of 258 amino acid residues Sargent et al., 1998) . Various sequence analyses of TatC family proteins have arrived at a consensus predicted TatC topology of six transmembrane segments with the extreme amino-and carboxyl-termini at the N-side of the membrane (cytoplasm in prokaryotes, stroma in chloroplasts, matrix in mitochondria) (e.g. Sargent et al., 1998; Mori et al., 2001) . TatC family proteins contain seven residues that are completely conserved in all prokaryote, chloroplast and plant mitochondrial systems of known sequence ( Fig. 1) : E15, R19, P85, P97, E103, G121 and P172 (E. coli TatC nomenclature applied). None of these completely conserved residues is predicted to be located in the periplasmic loop regions of TatC (Fig. 2) , and some are polar residues, observations that previously implicated TatC as a possible twin-arginine signal peptide-binding protein . A further 14 residues are either completely conserved in prokaryotes or functionally conserved across all domains of life (Fig. 1) . Again, only three of these residues (D211, S214 and Q215) are predicted to be located close to or in a putative periplasmic loop region of the E. coli TatC protein (Fig. 2) , with many of the highly conserved residues clustering around the cytoplasmic amino-terminal tail and first cytoplasmic loop between predicted transmembrane helices II and III (Fig. 2) . Here, the role of these completely or highly conserved E. coli TatC residues in protein transport was assessed directly by site-directed mutagenesis.
Complementation analysis of a DtatC strain
As reported previously Stanley et al., 2001) , a DtatC strain has very low periplasmic TMAO reductase activity and is incapable of growth either with TMAO as sole electron acceptor or in media containing SDS (Table 1) .
A plasmid was constructed using the high-copy-number vector pBluescript (pFAT417) encoding the native tat promoter region and a mutant tatABC operon, in which both tatA and tatB had been inactivated by in-frame deletions. Expression of pFAT417-encoded tatC was found to complement the Tat -mutant phenotype of the DtatC strain B1LK0 by restoring periplasmic TMAO reductase to levels close to that observed with the parent strain MC4100 (0.9 mmol of benzyl viologen oxidized in a TMAO-dependent manner min -1 mg -1 periplasmic protein) and re-established resistance to exogenous SDS (data not shown).
Previously, overproduction of TatB, even in the Tat + parent strain MC4100, was shown to inhibit Tat transport severely (Sargent et al., 1999) , and we therefore investigated further the effect of increased cellular levels of TatC on protein transport. Immunoblotting was used to compare the levels of TatC protein present in the membranes of wild-type E. coli cells containing the native Tat translocation pathway with that of the pFAT417-complemented DtatC (B1LK0) mutant strain. When TatC is expressed from pFAT417, the levels of membranous TatC increase ª 750-fold (Fig. 3A) . Despite these very high levels of recombinant TatC in this strain (Fig. 3A) , no dominant-negative effects on Tat translocation were observed (data not shown). Nevertheless, we constructed a DtatC strain (B1LK0-P) that also carries a lesion in the pcnB gene, which would restrict the copy number of pFAT417 and its derivatives. Surprisingly, cellular levels of plasmid-encoded TatC in the pcnB strain, although greatly reduced when compared with the pcnB + strain, remained in an ª 25-fold excess over that observed for a strain expressing tatC from its normal chromosomal locus (Fig. 3A) . Expression of pFAT417-encoded TatC restored Tat-dependent protein export activity to the DtatC, pcnB strain (Table 1 ) and rescued the SDS sensitivity phenotype (Table 1 ).
An alternative plasmid (pFAT407) was also constructed based on the moderate-copy-number pSU18 vector and harbouring the identical DtatAB, tatC + mutant tat operon as expressed from pFAT417. Again, expression of tatC in this alternative system did not disrupt Tat targeting in a wild-type strain and thus exerted no dominant-negative effects on Tat transport. Plasmid pFAT407 was seen to complement both the DtatC (B1LK0) and DtatC, pcnB (B1LK0-P) mutant strains by restoring periplasmic TMAO reductase activity to normal values (data not shown). Interestingly, cellular levels of TatC protein were also seen to be dependent on pcnB when expressed from pFAT407 (Fig. 3A) . This is a direct consequence of reduced copy number of the pSU18-based plasmids in the pcnB background (data not shown). Clearly, replication at the pSU18 P15A origin is probably also dependent on an RNA primer molecule, like that of the pBluescript ColE1 origin (He et al., 1993; Sarkar, 1996) .
We chose to use the DtatC, pcnB (B1LK0-P) strain and the pFAT417 plasmid system in our site-directed mutagenesis programme. The tatC gene encoded by pFAT417 was mutagenized such that each codon for a conserved amino acid residue (with the exception of G121) was initially replaced by an alanine codon. The ability of the resultant mutant tatC genes to complement the Tat -phenotype of a DtatC strain was then determined.
Complementation of the DtatC mutant strain was assessed according to three criteria. First, tat deletion mutants have been shown to be sensitive to growth in the presence of the ionic detergent sodium dodecyl sulphate (SDS) . The ability of the tatC gene expressed in trans to restore SDS resistance was therefore assessed in a simple plate test. Further, DtatC mutants have negligible levels of periplasmic TMAO reductase (TorA) and membrane-bound dimethyl sulphoxide (DMSO) reductase (DmsABC) activity . As a result, a tatC mutant has been shown to be incapable of anaerobic growth with TMAO as sole electron acceptor . Secondly, therefore, a plate-based test was applied, in which the ability of the plasmid-encoded tatC gene to restore anaerobic growth with TMAO as sole electron acceptor was determined. Thirdly, the TatC-dependent targeting of the periplasmic TMAO reductase (TorA) activity was analysed in more detail. Although the ability of an E. coli strain to respire anaerobically with TMAO is a ready indication of periplasmic TorA activity, further quantification of the precise levels of periplasmic TorA enzyme can highlight partial defects in the Tat protein export machinery where growth with TMAO would otherwise be unaffected. For example, the E. coli tatA and tatE single mutants show no obvious defects in anaerobic growth with TMAO as sole electron acceptor . However, periplasmic TorA specific activity was found to be significantly reduced in both mutant strains, indicative of impaired Tatdependent protein transport .
According to the above criteria, our initial 20 single alanine-substituted TatC proteins could be separated into three broad phenotypic classes: 'class I' mutants were analogous to tatC deletion mutants and thus completely devoid of periplasmic TorA activity (Table 1) ; 'class II' mutants were severely impaired in TorA targeting (Table 2) ; and 'class III' mutants displayed relatively minor defects in Tat-dependent protein export (Table 3) .
Class I mutants -conserved amino acid residues essential for TatC function
Of the 20 conserved TatC amino acid side-chains targeted for substitution with alanine ( Fig. 2) , we identified only three residues that were absolutely required for Tatdependent protein export. Class I of essential TatC residues is thus F94, E103 and D211 (Table 1) . Of these residues, TatC E103 is from the group of seven completely conserved in all domains of life (above).
TatC amino acid residue F94 is predicted to be located close to the cytoplasmic face of the inner membrane within transmembrane helix II (Fig. 2) , and the TatC F94A mutant displayed a phenotype with all the characteristics of a tatC deletion mutant. Periplasmic TMAO reductase activity was negligible, resulting in blocked anaerobic TMAO respiration (Table 1) , and the F94A mutant was also sensitive to SDS (Table 1) . Western blot analysis established that the TorA protein was synthesized but mislocalized to the cytoplasm in the TatC F94A mutant (Fig. 4A) . A second Tat-dependent periplasmic protein, SufI, was also noted to be mislocalized in the TatC F94A mutant (Fig. 5A) . Further Western blot analysis confirmed that the inactive F94A TatC protein was stably synthesized and assembled in the inner membrane (Fig. 3B) . Substitution of residue F94 with a hydrophobic leucine also completely abolished TatC activity, suggesting that intrinsic hydrophobicity is not the sole chemical property offered by the phenylalanine at this position (Table 1) . Indeed, F94 is very highly conserved in all domains of life, being conservatively substituted with tyrosine in only a very few cases, for example the chloroplast-localized TatC of the alga Porphyra purpurea (Fig. 1) . Interestingly, the substitution of F94 with tyrosine in the E. coli system was comfortably tolerated (Table 1) . Taken together, these experimental data establish a functional requirement for an aromatic residue at position 94 in TatC family proteins.
TatC E103 is predicted to be located on the soluble cytoplasmic loop linking transmembrane helices II and III (Fig. 2) . Replacement of the acidic glutamate side-chain at position 103 with alanine resulted in the complete loss of TatC biological activity (Table 1) . Immunochemical analysis established that the variant E103A protein was not significantly destabilized (Fig. 3B) . Both TorA and SufI were synthesized but mislocalized in the E103A strain, indicative of a pleiotropic defect in Tat targeting (Figs 4B and 5B).
The importance of the negatively charged carboxyl group at this position was strongly underlined by the substitution of E103 with a positively charged arginine sidechain. The E103R variant TatC proteins lacked significant Tat protein export activity ( TatC D211 is predicted to be located on the opposite side of the bilayer from F94 and E103, close to the periplasmic face of the membrane (Fig. 2) . Replacement of D211 with alanine did not perturb synthesis of the mutant polypeptide (Fig. 3B) ; however, transport of TMAO reductase was completely blocked ( Table 1 ). Note that, unlike F94A and E103A, the D211A mutant displayed no hypersensitivity to growth in the presence of exogenous SDS (Table 1) , possibly pointing to a different role for D211 in TatC function. TatC D211 is very highly conserved, being conservatively replaced by glutamate in only a very few cases, e.g. Bacillus subtilis TatCy (Jongbloed et al., 2000) . Indeed, E. coli TatC D211 could be functionally substituted with glutamate and, to a much lesser extent, asparagine (Table 1) .
None of the three class I mutations were found to exert dominant effects on a native Tat translocon: expression of the TatC F94A, E103A and D211A mutant alleles in a Fig. 4 . TorA is mislocalized in the mutant strains. Western blot analysis of TMAO reductase (TorA). Cells were cultured anaerobically in 0.4% glucose and 0.4% TMAO to induce expression of the normally periplasmic TorA. Cells were fractionated into periplasmic (P), membrane (M) and cytoplasmic (C) fractions. Proteins were initially separated by SDS-PAGE using 7.5% acrylamide, and TorA was identified by immunoblotting using anti-TorA serum at a 1 : 5000 dilution.
Fig. 5.
SufI is mislocalized in the mutant strains. Western blot analysis of SufI. Cells were cultured anaerobically in 0.5% glycerol and 0.5% fumarate. Cell pellets were then fractionated into periplasmic (P), membrane (M) and cytoplasmic (C) fractions. Proteins were initially separated by SDS-PAGE using 10% acrylamide. Precursor and mature forms of SufI were identified by immunoblotting using an anti-SufI serum at a 1 : 5000 dilution.
Tat
+ background (MC4100-P) did not affect targeting or activity of the periplasmic TMAO reductase (results not shown).
Class II mutants -TatC residues important for Tat-dependent protein export
The function of a further 17 TatC residues was analysed by alanine-scanning mutagenesis. None of these residues could be considered as absolutely essential for TatC function; however, eight of the 17 alanine derivatives fall into an important subclass (class II) of mutants that display severe impairment of Tat-dependent protein export. The TatC H12A, R17A, P97A, L99A, Y100A, Y126A, E170A and Q215A mutants have £10% of periplasmic TorA activity (Table 2 ). Of these important but non-essential TatC residues, only one (P97) is from the original group of seven completely conserved side-chains.
From this collection of TatC class II mutants, L99A and Y126A are the most severely affected in Tat-dependent protein transport. Strains carrying either the L99A or Y126A alleles struggle to grow anaerobically on TMAO as a result of very low (but detectable) periplasmic TMAO reductase activity (Table 2 ). Western immunoblotting confirmed that the variant L99A and Y126A TatC proteins were stable and membrane associated (Fig. 3B) .
TatC L99 is completely conserved in bacterial and chloroplast TatC family proteins and only conservatively substituted with hydrophobic cysteine (most frequently) or phenylalanine residues in the mitochondrial homologues. As with the essential E103 residue, L99 is predicted to be located on the soluble cytoplasmic loop linking transmembrane helices II and III (Fig. 2) .
TatC Y126 is predicted to localize to transmembrane segment III (Fig. 2) and is completely conserved in bacterial and thylakoidal systems. Thus, together with F94, Y126 represents a second aromatic residue important or essential for TatC activity.
Substitution of Q215 with alanine destabilized greatly the variant TatC protein (Fig. 3B) . TatC Q215 is predicted to form part of a tight periplasmic linker region between transmembrane segments V and VI (Fig. 2) . Clearly, Q215 plays an important structural role and may be required either for the TatB-TatC interaction previously implicated in TatC stabilization (Sargent et al., 1999) or as a defining biosynthetic marker during the integration of helices V and VI by the SecYEG-YidC complex (de Gier and Luirink, 2001 ).
Class III mutants -conserved TatC residues dispensable in protein transport activity
A further nine single alanine-substituted TatC proteins showed no apparent defects when cultured anaerobically with TMAO or SDS (Table 3) . Quantification of periplasmic TorA activity in these class III TatC mutants did reveal some variation, possibly indicative of slowed export kinetics in some cases (e.g. P85A). Surprisingly, class III contained four of the seven residues initially identified as being completely conserved in all domains of life ( Fig. 1;  Table 3 ).
Cross-complementation analysis of class I mutants
It is conceivable that the class I TatC mutants are blocked at different stages of the export process. For example, previous studies of Tat transport have implicated the TatC protein in a variety of functions, including twin-arginine signal peptide recognition, TatB binding and stabilization, energy transduction, and protein translocation per se (Sargent et al., 1999; Berks et al., 2000; Musser and Theg, 2000; Wu et al., 2000) . In an attempt to catagorize further the class I mutant alleles, we therefore modified our in vivo screen to co-express in combination the three class I mutant proteins.
When singly expressed, the F94A, E103A and D211A variant TatC proteins are completely blocked in TorA export (Table 1) . However, when the D211A allele was coexpressed in the same strain as either F94A or E103A, export of TorA and related growth with TMAO was dramatically restored (Table 4) . Restored export of TorA in a strain expressing both E103A and D211A was confirmed by Western immunoblotting (Fig. 4B) . Export of the periplasmic Tat substrate SufI was also rescued in the cross-complementation experiment (Fig. 5B) not yield active translocase (Table 4) . It is therefore possible that the F94A and E103A mutants are inactivated at an identical step in the protein transport process. These experiments were carried out in a DtatC strain (B1LK0-R) that had also been rendered recA -in order to prevent any possible interplasmid recombination events.
Although F94 and E103 are both predicted to localize close to the cytoplasmic face of the membrane, D211 is predicted to be close to the periplasmic face (Fig. 2) . As well as the obvious spatial separation between the two essential residues, these results are indicative of an overall mechanism in which the biological activities offered by D211 and either F94 or E103 operate independently from each other.
The behaviour of Tat signal peptide-defective substrates in class I mutants
Amino acid sequence analysis first implicated TatC in twin-arginine signal peptide recognition , and in vitro studies of Tat translocation in both bacteria and chloroplasts strongly suggested that the membrane-bound Tat translocon could recognize twin-arginine signal peptides directly (e.g. Yahr and Wickner, 2001 ). Moreover, the thylakoidal Hcf106:TatC (essentially TatBC) complex has recently been shown to be directly involved in Tat signal peptide binding .
Twin-arginine signal peptide recognition by the Tat system has been demonstrated to be an intricate and precise process. Substitution of the twin arginines within the TorA signal peptide motif with twin lysines completely abolished protein transport (Cristóbal et al., 1999; Buchanan et al., 2001 ) and, in some signal peptide contexts, even single lysine-for-arginine substitutions severely impaired the export process Buchanan et al., 2001; Hinsley et al., 2001) . It seems likely, therefore, that the Tat apparatus may have evolved an incredibly specific arginyl-binding pocket.
Binding and recognition of arginine side-chains in biological systems commonly involves strong salt-bridging interactions between the terminal guanido group of the arginine residue and the carboxyl groups of aspartyl or glutamyl residues. The yeast mitochondrial processing peptidase (MPP), for example, removes the N-terminal mitochondrial targeting peptides from nuclear-encoded proteins, and MPP recognizes and binds its substrate proteins largely by virtue of conserved arginine residues in their targeting peptides (Taylor et al., 2001) . Analysis of the MPP crystal structure revealed that the arginyl binding site contains a conserved glutamate residue that forms a salt-bridge with the substrate arginine side-chain, and substitution of this conserved glutamate with alanine severely impaired MPP enzymatic activity (Taylor et al., 2001) . Similarly, the arginine binding site of the crystallographically defined yeast arginyl tRNA synthetase also contains a conserved acidic residue (aspartate in this case) that again forms a direct salt-bridge with the substrate arginyl guanido group (Cavarelli et al., 1998) .
Given the critical role of the very highly conserved signal peptide twin-arginine motif in Tat-dependent protein export, it seems reasonable to speculate that any corresponding twin-arginine motif binding site would show similar high conservation. Moreover, with the structures of other arginine binding sites in mind (Cavarelli et al., 1998; Taylor et al., 2001) , any twin-arginine motif recognition site might contain at least one highly conserved acidic residue.
In order to test the possible involvement of the class I TatC residues (which include E103 and D211) in signal peptide recognition, we devised a series of in vivo experiments.
A number of Tat signal peptide mutations have been identified that completely block the export of the cofactorless Tat substrate SufI . The mutations, all centred around the pre-SufI Ser Gln 10 twin-arginine motif, include the SufI R5A single-and the SufI R5K:R6K double mutation and the SufI R5K:Q7D double mutation (N. R. Stanley, B. C. Berks and T. Palmer, unpublished) . We reasoned that these inactivated Tat signal peptides might be recognized by our mutant Tat transporters. The three variant sufI genes were subcloned onto pBluescript SK-and co-expressed in a DtatC DsufI background (NRS-3C) with the TatC class I F94A, E103A, E103R and D211A mutant alleles. After cell fractionation and Western immunoblotting, no restored export of any of the variant SufI molecules was observed (data not shown).
In a similar experiment, we looked for transport of signal peptide-defective TorA enzymes. Recently, two E. coli strains have been described that express variant TorA preproteins carrying point mutations in the Ser Ala 16 twin-arginine motif (Buchanan et al., 2001) . The TorA R12D single-mutant and the R11K:R12K double mutant are both completely blocked in TorA export (Buchanan et al., 2001) . The two TorA mutant strains were first rendered tatC -to give mutants GBRD900-C (torA R12D, DtatC::Spec R.
) and GBKK22-C (torA R11K:R12K, DtatC::Spec R. ). Each strain was then transformed with plasmids encoding the tatC class I mutant alleles F94A, E103A, E103R and D211A. Each strain/plasmid combination was then tested for its ability to respire anaerobically with TMAO as sole electron acceptor. Cells were fractionated and TMAO reductase enzyme assays and Western immunoblots performed. In every case, no restored export of the mutant TorA enzymes was observed.
The role of class I mutations in Tat translocon assembly
Recently, a membrane-bound Tat complex consisting of TatB and TatC in an apparently fixed molar ratio, together with a low and varying amount of the TatA protein, has been purified from an E. coli strain (Bolhuis et al., 2001) . Indeed, an analogous TatBC complex has also recently been observed for the thylakoidal Tat apparatus . In order to examine whether the class I TatC mutations affected the association of TatC with its TatB partner, we attempted to isolate TatBC complexes from strains overexpressing both native and modified tatC genes (Fig. 6) .
The TatC class I mutant alleles (F94A, E103A and D211A) were subcloned into pFAT757, a plasmid that allowed co-ordinated overexpression of the tatABC operon, while simultaneously incorporating a C-terminal hexahistidine affinity tag onto the recombinant TatC protein. Expression of native and variant tatABC from pFAT757 and its derivatives was carried out in the Tat -strain DADE (as MC4100, DtatABCD, DtatE; Wexler et al., 2000) to ensure the complete absence of chromosomally encoded TatC in our experiments.
In our expression system, TatB was efficiently assembled in the membrane (Fig. 6) and, upon prolonged exposure of the Western immunoblot, the recombinant TatC proteins were also detected in the membrane fraction (data not shown). In each case, all TatC protein bound to the column, as no immunoreactive material could be detected in the flowthrough fractions even after extended exposure times (data not shown), and comparable amounts of TatC protein were subsequently recovered (Fig. 6, lanes marked 'Ni' ). In contrast, a portion of TatB was noted in all flowthrough fractions (Fig. 6 , lanes marked 'FT'), indicating that apparently not all the TatB protein is in stable complex with TatC under these experimental conditions. A similar pool of non-TatC-associated TatB protein was also observed by Bolhuis et al. (2001) , which was detected as a degradation product at an early stage during the purification. More interestingly, however, although the relative total amounts of membrane-bound TatB protein synthesized in all strains was comparable, the amount of TatB that strongly associated with TatC, and thus co-purified with TatC in our system, varied significantly between the different TatC mutants.
In the case of the TatC F94A and E103A mutants, a significant proportion of TatB was stably bound to, and therefore co-purified with, the mutant TatC proteins (Fig. 6) . However, the relative amounts of TatC-associated TatB were clearly lower in the F94A and E103A mutants than that observed for the native TatC protein (Fig. 6 ).
In the case of the TatC D211A mutation, the mutant TatC protein was seen to be essentially disassociated from the TatB protein under our experimental conditions (Fig. 6) . Clearly, the TatC D211A mutant is severely compromised in its ability to form strong subunit-subunit interactions with the TatB protein.
Initially, genetic experiments pointed to possible interactions between TatC and TatB in the E. coli system (Sargent et al., 1999) , and subsequent biochemical studies have indeed shown that TatC forms a stable complex with TatB in both bacteria and thylakoids (Bolhuis et al., 2001; Cline and Mori, 2001 ). Clearly, structural features must exist within TatC that direct extensive protein-protein interactions with TatB. It is surprising that such apparently strong subunit-subunit interactions are almost completely disrupted by the substitution of a single TatC side-chain, D211, with alanine. It is notable, however, that substitution of the nearby Q215 residue with alanine severely destabilised the recombinant TatC protein (Table 2 ; Fig. 3B ). Such destabilisation of Q215A TatC may be indicative of a reduced TatB affinity during biosynthesis (Sargent et al., 1999) . Taken together with the D211A mutant phenotype, these data may indicate a key role for the short conserved region between helices V and VI (Figs 1 and 2 ) in stabilizing subunit interactions with the TatB protein.
The role of non-conserved residues in the Tat translocon
In this study, amino acid sequence alignments identified conserved TatC residues ripe for mutagenic analysis. In addition, however, we considered the roles of other non-© 2002 Blackwell Science Ltd, Molecular Microbiology, 43, 1457-1470 Fig. 6 . Affinity purification of class I mutant TatC proteins. Crude total membrane vesicles were prepared from DADE (as MC4100, DtatABCD, DtatE ) cells expressing plasmid-encoded TatA, TatB and hexahistidine-tagged native or F94A, E103A or D211A variant TatC molecules. Total membrane (TM) fractions were solubilized in 4% (v/v) Triton X-100, and the resulting high-speed supernatant consisting of solubilized membrane proteins (SM) was loaded on a nickel-affinity chromatography matrix. Unbound proteins were recovered in the flowthrough (FT) fraction, and bound protein was eluted from the affinity matrix (Ni). Fractions recovered during the purification procedure were analysed by SDS-PAGE, and the TatB and TatC proteins were visualized using affinity-purified anti-TatB or anti-TatC serum where indicated.
conserved residues that could possibly be implicated in defining TatC structure and function. Musser and Theg (2000) described in vitro experiments with the thylakoidal Tat system, in which protein-proton antitransport was explored. In this case, cysteine side-chains were strongly implicated in protonation-deprotonation events during protein translocation (Musser and Theg, 2000) . In order to test directly the involvement of cysteine in Tat transport, each of the four cysteine residues in E. coli TatC were replaced with alanine both singly and in combination. A mutant TatC protein, in which all four cysteine residues were substituted by alanine, displayed no significant defects in Tat-dependent protein export in vivo (data not shown). Consistent with this, the recombinant protein was stable and membrane associated (Fig. 3B) . The cysteinefree variant TatC is thus considered as a class III mutant.
Tryptophan residues have been proposed to play important structural roles in integral membrane proteins. Of all the amino acid side-chains, tryptophan has the highest affinity for the membrane-water interface and, as a result, may be an important topology determinant (Wimley and White, 1996) . E. coli TatC contains two tryptophan residues (W92 and W180) predicted to localize close to the cytoplasmic face of the membrane within transmembrane helices II and IV respectively (Fig. 2) . TatC W92 is highly conserved, and its replacement with alanine gives a marked but incomplete reduction in Tatdependent TorA targeting (Table 3) . TatC W180 is not conserved, and substitution with alanine does not affect protein translocation (data not shown). A tryptophanless deriviative of E. coli TatC was also constructed. This variant protein displayed an identical phenotype to the W92 single mutant and can therefore also be considered a class III mutant i.e. not severely impaired in Tatdependent protein export (data not shown).
Finally, it is notable that many TatC family proteins (including that of E. coli) contain highly charged C-tail regions (Figs 1 and 2) . Truncation of the E. coli TatC protein at R243 (Fig. 2) has no discernible affect on Tat protein transport (data not shown). Indeed, extension of the E. coli TatC C-tail by the addition of a streptavidin affinity-tag has been shown not to inhibit in vivo Tat activity and was exploited recently in the purification of a large TatABC complex (Bolhuis et al., 2001) . Similarly, the Cterminal hexahistidine-tag incorporated onto TatC in this study did not affect Tat-dependent protein targeting in vivo (data not shown). Taken together, it can be concluded that the non-conserved TatC C-tail residues are not intimately involved in Tat system operation.
Concluding remarks
In this study, we have taken a genetic approach involving site-directed mutagenesis in an attempt to identify the amino acid determinants of TatC function. TatC point mutants fell into at least three broad classes. We isolated three independent class I TatC mutants that were blocked in Tat-dependent protein export. The three class I essential residues were F94, E103 and D211. Class II mutants displayed 10% (or less) periplasmic activity of the Tatdependent TorA enzyme and, as such, were regarded as important, but not essential, in TatC function. The most severely affected class II mutants were L99A and Y126A. Class III mutants displayed only minor defects in Tatdependent protein export.
Previous studies of the bacterial and thylakoid Tat system have highlighted the possible functional complexity of the TatC component. For example, TatC has been implicated in at least four separate biological activities: TatB interactions (Sargent et al., 1999; Bolhuis et al., 2001; Cline and Mori, 2001 ); twin-arginine signal peptide recognition Cline and Mori, 2001) ; proton translocation (Musser and Theg, 2000) ; and protein translocation (Wu et al., 2000; Bolhuis et al., 2001) .
Although the TatC F94A and E103A mutants were completely blocked in TorA and SufI export, co-expression with a second class I mutant, D211A, restored Tatdependent protein export. This result clearly points to separate roles for F94/E103 and D211 in TatC function. It is clear from our data that D211 probably plays a structural role in the Tat translocon. It remains a strong possibility that the F94A and E103A mutants are blocked at an identical step in the transport process. Indeed, it is tempting to implicate E103, in particular, in twin-arginine motif recognition, although we have been unable to obtain any direct evidence for this from these experiments.
The cross-complementation observed between the E103A and D211A mutants also gives vital clues to the oligomeric state of the TatC protein within the Tat translocation apparatus. At least two TatC molecules must co-exist within each Tat translocon for the severe class I mutant phenotypes to be nullified in this way. Consistent with this, the TatABC complex recently isolated at a 1:1:1 ratio from E. coli membranes had a molecular weight of around 600 kDa, much larger than the combined molecular weights of the monomeric proteins (9.6 kDa: 18.4 kDa:28.9 kDa) (Bolhuis et al., 2001) . This, taken together with chemical cross-linking studies of E. coli Tat subunits and biochemical analysis of the thylakoid Tat apparatus , points to the co-existence of multiple copies of each individual Tat component within each active Tat translocon.
In conclusion, this study sheds new light onto the structural intricacy of the Tat protein export system and lays the foundation for future work aimed at elucidating the molecular mechanisms of Tat signal peptide recognition and protein transport.
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Experimental procedures
Bacterial strains and growth conditions
Escherichia coli strains used in this study are listed in Table 5 . Strains MC4100-P and B1LK0-P were constructed after P1 transduction of MC4100 (Casadaban and Cohen, 1979) and B1LK0 (MC4100, DtatC) with the pcnB allele from VJS5833 (Stanley et al., 2002) . The pcnB mutant allele has been shown to restrict the copy number of plasmids that require an RNA primer for replication (such as the ColE1-based pBluescript) to around one per cell (Liu and Parkinson, 1989; He et al., 1993) .
For construction of the recA strains MC4100-R amd B1LK0-R. the recA allele from strain RM202 (Sawers and Böck, 1988) , which is linked to Tn10, was moved onto the chromosome of MC4100 and B1LK0-P by P1 transduction. Tetracycline-resistant colonies were checked for the absence of RecA activity by assessing their ability to survive a short burst of ultraviolet irradiation. Strains that were sensitive to killing by UV were taken as recA -. Strains with mutated TorA twin-arginine signal peptides, GBRD900, GBKK22 (Buchanan et al., 2001 ) and the DsufI strain NRS-3 , were rendered tatC -by P1 transduction of the DtatC::Spec R. allele from BUDDY .
During all genetic manipulations, strains were grown aerobically in Luria-Bertani (LB) medium (Russell and Sambrook, 2001) . Growth phenotypes of mutants were determined aerobically on LB agar solid medium containing 2% (w/v) sodium dodecyl sulphate (SDS) and anaerobically on M9 agar minimal medium (Russell and Sambrook, 2001) containing 0.5% (w/v) glycerol and 0.4% (w/v) TMAO. For biochemical characterizations, strains were cultured anaerobically in Cohen-Rickenberg (CR) medium containing 0.2% glucose (w/v) and 0.4% TMAO (w/v) as described previously (Sargent et al., 1999) .
Plasmids and site-directed mutagenesis
Plasmid pFAT417 carries the tatC gene within a modified tat operon downstream of a DtatAB allele and the native tat regulatory region within the pBlusecript-II KS+ vector (Stratagene Europe). Plasmid pFAT417 (DtatAB, tatC + ) was constructed after amplification of the tatC gene using primers TATB2 (Sargent et al., 1999) and TATC4 and subsequent replacement of the tatB gene carried by pFAT416 (DtatA, tatB + ) (Sargent et al., 1999) with the tatC polymerase chain reaction (PCR) product. Site-specific mutations in pFAT417 were constructed by PCR methods (the primer sequences used are available on request). All mutations constructed by PCR were verified by nucleotide sequencing.
Plasmid pFAT407 carries the identical DtatAB, tatC + construct to pFAT417 but on pSU18 (Cm R.
; Bartolomé et al., 1991) . For cross-complementation and SufI export analysis, the F94A, E103A, E103R and D211A mutant tatC alleles were transferred from pFAT417 to pFAT407. Plasmid pFAT407 is compatible for co-existence with pBluescript-type plasmids (Bartolomé et al., 1991) .
Plasmid pFAT757 encodes TatA, TatB and is C-terminally hexahistidine-tagged. DNA covering tatABC was amplified using primers TATA5 and 5¢-GCA TCGATAGATCTTTCTTCAGTTTTTTCGCTTTCTGC-3¢ with pFAT75 as template , digested with EcoRI and BglII and cloned into pQE60 (Qiagen) precut with EcoRI and BamHI. The tatC F94A, E103A and D211A site-specific mutations were subsequently introduced into this plasmid using PCR-based methods.
Plasmids expressing the SufI precursor were constructed by subcloning the sufI-containing fragment from pNR14 and its twin-arginine signal peptidedefective derivatives into pBluescript SK-(Stratagene Europe) by standard techniques.
Immunological procedures
Antibodies were raised in rabbits against the N-terminally hexahistidine-tagged mature SufI protein. DNA encoding the mature region of SufI was amplified by PCR using primers 5¢-GCGCGGAATTCATATGGCCGGGCAACAGCAACCG Studier and Moffatt (1986) CTAC-3¢ and 5¢-GCGCGGATCCTTACGGTACCGGATTGAC C-3¢, digested with NdeI and BamHI and cloned into pET15b (Novagen) to give plasmid pNR17. The fusion protein was overproduced in strain BL21(DE3) and purified by nickel chelate affinity chromatography essentially as described previously (Anderson et al., 1997) . After affinity chromatography, fractions containing hexahistidine-tagged SufI were pooled, dialysed overnight against 50 mM Tris-HCl (pH 8) and used directly as antigen. For the preparation of antibodies to TorA, the mature TorA coding sequence was amplified by PCR using primers 5¢-GCGCCATATGGCGCAAGCGGCGACTGACG-3¢ and 5¢-GCGCGGATCCGTTGTGCTGTCAGCGTGG-3¢ digested with NdeI and BamHI and cloned into pET15b to give plasmid pMW14. After induction of expression of hexahistidinetagged TorA in BL21(DE3), the overproduced fusion protein accumulated in inclusion bodies. Inclusion bodies were isolated by differential centrifugation, solubilized by boiling in SDS-PAGE sample buffer and separated by SDS-PAGE through 7.5% polyacrylamide (Lämmli, 1970) . The hexahistidine-tagged TorA band was excised, electroeluted into 50 mM Tris-HCl (pH 8), 0.1% SDS and used as antigen.
Antibodies were raised in New Zealand White rabbits using the method of Nelson (1983) ; in each case, 1-1.5 mg of protein was used in each inoculation.
Protein methods
Inner membrane vesicles (IMVs) were prepared by sucrose gradient ultracentrifugation as described previously (de Vrije et al., 1987) . SDS-PAGE and immunoblotting analyses were carried out as described previously (Lämmli, 1970; Towbin et al., 1979) , and immunoreactive bands were visualized with the ECL detection system (Amersham Pharmacia Biotech). Intensities of immunoreactive bands were estimated with a Bio-Rad scanning densitometer. Anti-TatC serum was a kind gift from Dr Meriem Alami and Professor Matthias Müller, University of Freiburg, Germany, and affinity-purified anti-TatB serum has been described previously . Anti-SufI and anti-TorA sera were diluted 1:5000 before use. Subcellular fractions were prepared from small (30 ml) cultures using a cold osmotic shock protocol and from larger (500 ml) cultures as described previously . TMAO:benzyl viologen oxidoreductase activity was measured as described previously (Silvestro et al., 1988) . Protein concentrations were estimated according to the method of Lowry et al. (1951) .
Affinity purification of TatC proteins
Strain DADE (MC4100, DtatABCD, DtatE; Wexler et al., 2000) harbouring pREP4 (Kan R.
, lacI + ; Roche Molecular Biochemicals) was transformed with plasmid pFAT757 and its derivatives with the TatC F94A, E103A or D211A mutant alleles. Overexpression of tatABC was induced by addition of IPTG (2 mM final concentration) to an exponentially growing aerobic culture. After 2 h of induction, cells were harvested and crude membrane fractions were prepared essentially as described previously . Total membranes were solubilized in 20 mM MOPS, pH 7.2, 200 mM NaCl, 4% Triton X-100 (v/v) for at least 1 h at 4∞C with gentle stirring. Insoluble material was removed by ultracentrifugation for 60 min at 150 000 g, and the resultant high-speed supernatant was loaded on a 5 ml High-Trap Ni-chelating column (Amersham Pharmacia Biotech) pre-equilibrated in 20 mM MOPS pH 7.2, 200 mM NaCl, 5 mM CHAPS and 20 mM imidazole. Bound proteins were eluted in the same buffer containing 500 mM imidazole. Fractions enriched in TatC as judged by SDS-PAGE were pooled and concentrated.
